Abstract. The F-box protein family member FBXO31 has rarely been studied in human hepatocellular carcinoma (HCC). This study was designed to investigate the expression profile of FBXO31 in HCC and the possibility that FBXO31 might function as a tumor suppressor in HCC cell lines. We report that FBXO31 is strongly down-regulated in HCC cell lines and specimens. Ectopic expression of FBXO31 inhibited cell proliferation and colony formation in HepG2 and Hep3B cells. The endogenous expression of FBXO31 was fluctuated through cell cycle in the HepG2 cells with maximal expression from late G2 to early G1 phase. Ectopic expression of FBXO31 in HepG2 resulted in the accumulation of cells at the G1 phase of the cell cycle. Possible mechanism might be cyclin D1 degradation mediate by FBXO31 through ubiquitin ligase pathway. Ectopic overexpression of FBXO31 resulted in down-regulation of cyclin D1 which leads to the accumulation of cells at the G1 phase of the cell cycle. Cytoplasmic location of FBXO31 was consistent with cyclin D1 degradation in cytoplasm. Together, our findings suggested that down-regulation of FBXO31 might function as a tumor suppressor in HCC.
Introduction
The F-box family is known to take part in degradation of proteins through ubiquitin-mediated proteolysis by involvement in the formation of SCF ubiquitin ligase complexes, which are involved in diverse cellular functions, including signal transduction, control of G1-S progression, and orderly execution of the cell cycle (1-4). There are currently three subdivisions of the F-box protein family based on the type of carboxy-terminal motifs present in the protein sequences. F-boxes that contain LRRs defined as FBXL, those con-taining WD repeats as FBXW, and those lacking all known protein-interaction domains as FBXO. FBXO31 belongs to the FBXO class (5) (6) (7) (8) .
Previous study demonstrated that FBXO31 was the chromosome 16q24.3 senescence gene and candidate breast tumor suppressor (9) . FBXO31 could mediate cyclin D1 degradation to induce G1 arrest after DNA damage (10) . Quantitative gene expression analysis of 78 genes in the 16q24.3 region demonstrated that FBXO31 was one of two genes including CYBA2T3 with a moderately aberrant expression profile. Expression of FBXO31 was reduced 100 to 200-fold in MDA-MB-134 and SK-BR-3 and moderately reduced in the other cell lines. Microarray analysis indicated FBXO31 was one of the 70-gene classifiers down-regulated in association with tumors of a favorable prognosis (11, 12) . With regard to hepatocellular carcinoma (HCC), the fifth most common cancer worldwide and the third most common cause of cancer mortality, the expression profile and function of FBXO31 is still obscure. In this study, we investigated the expression profile of FBXO31 gene in HCC and the possibility that FBXO31 might function as a tumor suppressor in HCC cell lines.
Materials and methods
Tissue specimens and cell lines. All specimens were harvested from patients who suffered from HCC with informed consent. Ten liver tumor-derived cell lines and the fetal liver-derived cell line L02 were used in this study. Patient material was obtained on approval of local medical ethics committees.
Quantitative and real-time reverse transcription-PCR.
FBXO31 expression was determined by real-time quantitative reverse transcription-PCR (RT-PCR) with the forward primer: 5'-CCGGCGGGAGGCAGGAGGAGT-3' and reverse primer: 5'-GCGGCGGTAGGTCAGGCAGTTG TCG-3'. ß-actin served as a loading control.
Plasmids. FBXO31 open reading frame (ORF) was PCR amplified from FBXO31 cDNA clone (Open Biosystem) and inserted into the pcDNA3. Cell proliferation and colony formation. Proliferation assays were determined on EGFP-FBXO31 transfected cells selected for 10 to 14 days in the presence of G418. These cells were plated at 10-20% confluence in 96-well plates and at various times samples (n=6-8). Cell viability was measured using the Cell Titer-Blue™ Cell Viabiliy Assay (Promega) according to the manufacturer's instructions.
HCC cells transfected by EGFP-FBXO31 were cultured on a 10-cm plate for colony formation with the presence of G418 at a final concentration of 0.6-1 mg/ml and colonies were counted in triplicate wells after growth for a further 2-3 weeks. The empty vector was used as a negative control.
Cell synchronization. Cells were synchronized at G1-S phase using a double thymidine block. Cells were grown in the presence of 2 mmol/l thymidine (Sigma-Aldrich) for 24 h and then washed and grown in fresh medium without thymidine for 10 h. Cells were cultured in the presence of 2 mmol/l thymidine for a further 16 h and then released from the G1-S block by washing twice with fresh medium. Cells collected at various time points following release from the second thymidine block were lysed in 50 mmol/l Tris-HCl (pH 7.5), 250 mmol/l. NaCl, 1% Triton X-100, 1 mmol/l EDTA, 50 mmol/l NaF, 0.1 mmol/l Na3VO4, 1 mmol/l DTT, protease inhibitors (Sigma) on ice for 15 min. Lysed samples were clarified by centrifugation and then assayed for protein concentration using bicinchoninic acid protein assay reagent kit (Pierce).
Cell cycle analysis. HCC cells were transfected with pEGFP-FBXO31 or pEGFP-C1 using Lipofectamine 2000 (Invitrogen). Cells were collected 24 and 48 h after transfection and treated as described (13) . Briefly, cells were pelleted (400 x g for 5 min at 4˚C), washed twice with cold PBS, resuspended in 500 μl of cold PBS, and then fixed for 1 h at 4˚C by adding 500 μl of fixation solution (2% w/v paraformaldehyde in PBS, pH 7.2). The fixed cells were pelleted, washed with cold PBS, resuspended in 1 ml of 70% ethanol added dropwise to the pellet while vortexing, and then incubated overnight at 4˚C. The next day, the cells were pelleted and resuspended in 1 ml propidium iodide solution (40 μg/ml with 100 μg/ml RNase A) for 30 min at 37˚C in the dark and analyzed on a FACScan flow cytometer (BD Biosciences).
Western blot analysis. Western blot analysis was performed according to the manufacturer's recommended protocol (Santa Cruz Biotechnology), ß-actin served as a loading control. Briefly, cell extracts were prepared in lysis buffer [25 mmol/l Tris (pH 6.8), 1% SDS, 5 mmol/l EDTA, protease inhibitor cocktail (Sigma)]. The blot is incubated with blocking solution (5% nonfat milk and 0.1% Tween-20 in PBS) for 2 h at room temperature. Cyclin B1 (Santa Cruz Biotechnology), cyclin D1 (Santa Cruz Biotechnology) and FBXO31 antibodies were used in this study. The rabbit polyclonal antibody, raised against FBXO31 protein, was produced as previously described (10) . Subcellular fractionation. Cells were collected by centrifugation at 300 x g for 4 min at 4˚C and suspended in 400 ml buffer A [10 mM HEPES (pH 7.5), 10 mM KCl, 1 mM DTT, 1 mM PMSF, 20 U/ml aprotinin, 5 mg/ml leupeptin, 0.4 mM NaF, and 10 mM ß-glycerophosphate]. After incubation on ice for 15 min, 12.5 ml of 10% NP-40 was added and incubated on ice for 10 min. Nuclei were pelleted at 1500 x g for 5 min, and the supernatant (cytoplasmic extracts) was centrifuged at 13,000 x g. Nuclei were washed with 1 ml of buffer A twice and suspended in 50 ml of buffer B [20 mM HEPES (pH 7.5), 0.4 M NaCl, 1 mM DTT, 1 mM PMSF, 20 U/ml aprotinin, 5 mg/ml leupeptin, 0.4 mM NaF, and 10 mM ß-glycerophosphate]. Nuclear extract was collected by centrifugation at 18,000 x g for 5 min.
Immunofluorescence. Cells were fixed in 70% methanol, 30% acetone for 15 min at -20˚C and blocked for 1 h in 4% BSA/ PBS, followed by incubation in primary antibody (1:100) for 1 h at room temperature. Cells were washed in PBS and incubated in secondary FITC-conjugated antibody (1:200) for 30 min at room temperature. Cells were washed with PBS and counterstained with DAPI.
Results

FBXO31 is expressed at low level in HCC specimens and cell lines.
To investigate the expression profile of FBXO31, realtime RT-PCR was used to determine relative expression of FBXO31 in a panel of HCC cell lines. Results showed that FBXO31 was highly expressed in fetal liver and the fetal liver-derived cell line L02, but very low in the majority of HCC cell lines (Fig. 1A) . The expression of FBXO31 was further evaluated in 32 HCC specimens and adjacent healthy liver tissues by quantitative real-time RT-PCR. FBXO31 was down-regulated in 30/32 (93.75%) HCC specimen tested compared to adjacent healthy liver tissues (Fig. 1B) .
Alteration of FBXO31 expression effects growth of HCC cell lines.
Since it was determined that expression of FBXO31 was lower in HCC specimens and cell lines, we investigated if this gene could function as a tumor suppressor. Ectopic expression of a tumor suppressor in a cancer cell line would be expected to inhibit the ability of cells to initiate colonies on plastic and inhibit cell proliferation. FBXO31 was ectopically expressed in the HCC cell lines HepG2 and Hep3B. Colony formation on plastic was assessed. Our data showed a reduction in colony formation, compared with the vector control, when transfected with FBXO31 ( Fig. 2A and B) . This reduction in colony formation averaged 35.4% for HEPG2 and 39.24% for Hep3B from five independent experiments (Fig. 2C) . The effect of FBXO31 ectopic expression on the proliferation was also determined by generating cultures of G418-resistant HEPG2 cells following FBXO31 transfection. Growth curves of these cell lines showed that cells expressing FBXO31 had a reduction compared with the vector control (Fig. 2D ).
FBXO31 is cell cycle regulated in HepG2.
Following the findings that ectopic expression of FBXO31 suppressed growth, a fluorescence activated cell sorting-based cell cycle analysis was used to determine if the mechanism of this growth suppression is due to a specific effect on the cell cycle. Cell cycle analysis was done on the HCC cell line HEPG2 transiently expressing the EGFP-FBXO31 for 24 and 48 h. Analysis of the asynchronous cell populations showed a 9% increase in the proportion of EGFP-FBXO31-expressing G1 cells from 24 to 48 h (Fig. 3A and B) compared with the 3% increase observed in only EGFP-expressing G1 cells in the same time period (Fig. 3C and D) . These observations suggest that a block in the cell cycle at G1 is the probable cause of the observed negative effect of FBXO31 ectopic expression on growth of the HCC cell line. The cell cycle regulation of FBXO31 levels was then investigated. The endogenous FBXO31 levels were determined using an affinity-purified rabbit polyclonal anti-FBXO31 antibody. FBXO31 levels at different stages of the cell cycle were investigated in HEPG2 by collecting samples at various time points following release from a double thymidine block. The variation in levels of FBXO31 at different times after release of the block shows that this protein is cell cycle regulated. The cell cycle synchronization was confirmed by change in the levels of cyclin B1. These levels were maximal at 9-15 h for HEPG2. Cell progression from mitosis is associated with decreased levels of cyclin B1. The levels of FBXO31 were maximal from 9 to 18 h after release (Fig. 4) . Comparison with the cyclin B1 cell cycle profile indicated that levels of FBXO31 protein were maximal at late G2 to early G1 phase.
Ectopic expression of FBXO31 results in cyclin D1 downregulation.
Cyclin D1 is a well-documented important regulator that promotes the G1-to S-phase transition of cell cycle progression and functions as an oncogene involved in many cancers, including HCC (13, 14) . FBXO31 mediates the degradation of cyclin D1 through a proteasome-directed pathway (10) . We examined the expression of cyclin D1 in HepG2 cells that transiently transfected with different concentrations of myc-tagged FBXO31 or empty vector. Our data indicated that expression of cyclin D1 was decreased while it increased the expression of FBXO31 (Fig. 5) .
Cyclin D1 ubiquitination and proteolysis are postulated cytoplasmic events, suggesting the involvement of a cytoplasmic E3 ligase. Immunofluorescence staining, utilizing specific FBXO31 antibodies, revealed cytoplasmic FBXO31 in HEPG2 cells (Fig. 6A) . The cytoplasmic localization was confirmed by biochemical fractionation (Fig. 6B) .
Discussion
FBXO31 belongs to the human F-box family consisting of three subfamilies and over 70 members. F-box containing proteins act as substrate recognition components of the SCF ubiquitin-ligase complexes in the ubiquitin-dependent proteasome degradation pathway. These complexes contain four components; Skp1, Cullin, Rbx-Rocl-Hrtl and an F-box protein (1) (2) (3) (4) . FBXO31 is associated with the Skp1, Roc-1 and Cullin-1 proteins through its substrate recognition domain and forms SCF FBXO31 ubiquitination complex (9). F-box proteins regulate protein abundance and the function of oncogenes, tumor suppressors, transcription factors and other signaling molecules via ubiquitin-dependent proteasome degradation pathway. Some F-box proteins act like oncogenes or tumor suppressors. Skp2 is the product of a protooncogene and overexpressed in many tumors. SCF Skp2 targets tumor suppressor gene products and CDK inhibitors such as p130, Tob1, p27(Kip1), p57(Kip2), and p21(Cip1) (15) (16) (17) (18) (19) (20) (21) (22) . In contrast, degradation of several oncogene products, such as Cyclin E, Notch, c-Myc, c-Jun, and c-Myb, are mediated by SCF Fbw7 (23) (24) (25) (26) (27) (28) . Fbw7 is often deleted or mutated in human cancers and acts like a tumor suppressor. FBXO31 is a potential tumor suppressor shown to be down-regulated in breast cancer cell lines relative to normal breast expression. FBXO31 mediated Cyclin D1 degradation to induce G1 arrest after DNA damage.
The expression profile of FBXO31 was still unclear except for breast cancer. We examined the expression profile of FBXO31 in lung tumor and HCC samples. FBXO31 was down-regulated in 65% of lung tumor samples (data not shown) and 93.75% of HCC samples (Fig. 1) . We decided to investigate mechanisms relevant to down-regulation of FBXO31 in HCC. A previous study (9) proved FBXO31 was a candidate breast tumor suppressor. Therefore, the possibility was investigated that FBXO31 may function as a tumor suppressor in HCC. Ectopic expression of a tumor suppressor in a cancer cell line would be expected to inhibit the ability of cells to initiate colonies on plastic and inhibit cell proliferation. Our data indicated that ectopic expression of FBXO31 resulted in a moderate inhibition of colony growth on plastic and reduced the proliferation of HEPG2 cells, which was consistent with the tumor suppressor properties (Fig. 2) . It has been reported that ectopic expression of FBXO31 induced senescence in breast cancer cell line MCF-7. We failed to detect senescence in HEPG2 cells (data not shown).
Then we investigated the possibility that the tumor suppressor effect was cell cycle related. Investigation of endogenous FBXO31 expression in synchronized HEPG2 cells showed FBXO31 protein levels were maximal from late G2 to early G1 phase (Fig. 4) . The timing of FBXO31 destruction was consistent with APC-mediated degradation. Cell cycle analysis of the HCC cell line ectopically expressing FBXO31 was performed. We observed a block in the cell cycle at G1 (Fig. 3) . There might be a possibility that inhibition of growth of HCC cell line by ectopic FBXO31 expression was caused by cells not progressing normally past G1 phase of the cell cycle. This conclusion was further supported by the fact that FBXO31 acted through a proteasome-directed pathway to mediate the degradation of cyclin D1, an important regulator of progression from G1 to S phase, resulting in arrest in G1 (10) . Our data showed ectopic expression of FBXO31 in HepG2 could lead to down-regulation of Cyclin D1 (Fig. 5) . Cytoplasmic location of FBXO31 in HepG2 was consistent with the theory that Cyclin D1 ubiquitination and proteolysis were postulated cytoplasmic events (Fig. 6) . In summary, the expression and functional studies of FBXO31 in the cell cycle were consistent with the properties of tumor suppressor. FBXO31 might function as a tumor suppressor in HCC.
The tumor suppressor effect likely does not involve only a single gene. Team work is required to keep pace with cell growth. Though we reported FBXO31 might function as a tumor suppressor in HCC, further investigation needs to be done to uncover the complexity of FBXO31 tumor suppressor effect on HCC.
